The results of electronic structure calculations for PbF 2 in ambient and highpressure phases are reported here. We employ the linear combination of atomic orbital-density functional theory approximation using the CRYSTAL program package whose capabilities were expanded to include the so-called soft-core pseudopotentials with higher-order components (e.g. d, f, and g) of the angular momentum terms for heavier atoms in the periodic table. The band structure and density of states of the cubic, orthorhombic, and hexagonal phases were calculated. A direct band gap at X is predicted for the cubic phase, whereas an indirect band gap is predicted for the high-pressure phases. The density of states reveals hybridization features involving Pb s and F p orbitals in the upper valence band of PbF 2 .
Introduction
Cubic lead fluoride (β-PbF 2 ) is a well-known fast ionic conductor at high temperatures [1] . Recently, it has attracted renewed interest as a promising host material for scintillating detectors for detecting high-energy particles with energy exceeding a gigaelectronvolt [2] [3] [4] . This is due to the fact that PbF 2 satisfies most of the requirements for a scintillating detector, namely short radiation length, high light yield, short decay time, and good radiation hardness. Furthermore, single crystals of PbF 2 can be grown by a relatively inexpensive crystal growth process, thereby providing economical incentives for making scintillating detectors [5, 6] .
A faint scintillating light in the orthorhombic (α-) phase of polycrystalline PbF 2 was observed at room temperature, which was stimulated by synchrotron x-rays [2] . It is generally believed that scintillation in PbF 2 is mainly associated with rare-earth dopants, unlike the case for the well-known barium fluoride (BaF 2 ) where the scintillation mechanism is attributed to the intrinsic luminescence of the host. The crystalline lattice of PbF 2 facilitates a dense and ideal structure frame in which the scintillating rare-earth atoms are embedded. For Gddoped cubic PbF 2 at room temperature, Shen and co-workers have reported fast luminescent components at 277.5 and 312.4 nm, with a light yield of >6.2 p.e. MeV −1 and a decay time of <30 ns [3, 7] . The observed light output and decay were found to satisfy the requirements of γ -ray scintillating detectors with good energy resolution and high counting rate.
At low pressures, PbF 2 is found to exist in two structural phases, namely orthorhombic (α) and cubic (β). Although the cubic phase is the most stable in ambient conditions, the orthorhombic phase is stable at high pressure and low temperature. The cubic phase undergoes a phase transition at about 0.4 GPa to the orthorhombic phase and reverts back to the cubic phase at higher temperatures. The orthorhombic phase is metastable at zero pressure for temperatures <610 K [8] . Above 15 GPa, a new high-pressure phase of PbF 2 was observed [9, 10] . Podsiadlo and Matuszewski [9] have reported it to have hexagonal symmetry, tentatively assigned as P6, with lattice parameters of a = 10.2746(6) Å and c = 7.970(5) Å. On the other hand, Lorenzana et al [10] have proposed the structure to be monoclinic, assuming the existence of some unresolved peaks in their Raman experiments. This is in contrast to the results of first-principles calculations based on the ab initio perturbed ion (aiPI) method [11] , where the post-cotunnite phase is the hexagonal, Ni 2 In-like, B8 b phase. The hexagonal phase was found to be stable relative to the orthorhombic phase at 16.4 GPa [11] .
Excitonic transitions in orthorhombic and cubic PbF 2 were reported to have similar features suggesting a similarity in the electronic structures of the two phases [12] . Specifically, the lowest excitonic transition at 5.7 eV was observed in both phases. Above 6 eV, two prominent peaks were observed. In orthorhombic (cubic) PbF 2 , the peaks were at 6.25 (6.51) and 8.45 (8.58) eV. On the other hand, the photoelectron spectroscopy results have suggested the valence bands in cubic PbF 2 to be composed of lead 6s and fluorine 2p orbitals [13, 14] . Although band structure calculations differ from each other in describing the topology of the valence bands in the Brillouin zone, they agree in predicting the top of the valence band to be a mixture of lead 6s and fluorine 2p orbitals in cubic PbF 2 [15] [16] [17] . This is in contrast to the case for other ionic materials with the fluorite structure (e.g. BaF 2 ) where the lowest excitonic transition is mainly associated with transitions from anion p states to cation s states. It is to be noted here that a detailed understanding of the electronic properties of the host material is a necessary requirement for understanding the nature of the scintillating mechanism [7] . For example, the estimate of the intrinsic absorption edge of β-PbF 2 has shifted about 50 nm in about 20 years of experimental studies [3, 7, 18] suggesting a necessity for band structure calculations using state-of-the-art methods. On the other hand, the orthorhombic and hexagonal phases of PbF 2 have not yet been subject to any band structure calculations.
In this paper, we report the results of band structure calculations on the orthorhombic and hexagonal phases of PbF 2 , for the first time, together with a more accurate and detailed band structure of the cubic PbF 2 . Calculations are based on density functional theory using the CRYSTAL program package [19] . The CRYSTAL program was modified to accept d, f, and g terms in the effective core pseudopotential (ECP) description of heavier atoms, such as Pb. With this modification, calculations for all elements in the periodic table involving ECPs has become possible in the CRYSTAL program. The rest of the paper is organized as follows. In section 2, we briefly describe the computational techniques used in this work. Results and discussion of the electronic properties including the band structure and density of states will be presented in section 3 and a summary of the work will be given in section 4.
Methodology
Electronic structure calculations based on density functional theory (DFT) were performed in the framework of the periodic linear combination of atomic orbitals (LCAO) approximation. In the LCAO DFT approximation, a linear combination of Gaussian orbitals is used to construct a localized atomic basis from which Bloch functions are constructed by a further linear combination with plane-wave phase factors. We note here that relativistic corrections for core electrons, which are important for heavier atoms such as lead,are not yet included in CRYSTAL for total energy calculations. However, one can now perform CRYSTAL calculations in which relativistic effects are taken into account in the definition of the ECPs for heavy atoms.
In the present study, calculations were performed with the new ECP module [20] developed by us for the CRYSTAL program package. This development work on CRYSTAL was mainly based on the analytical method proposed by McMurchie and Davidson [21] for ECPs fitted to Gaussian basis sets, which relies on the transformation of three-centre integrals into one-centre integrals. The ECP contribution to the orbital interactions generates two types of integral, referred to as type I and II, which can be factorized into a radial and an angular part. The integrals can be evaluated with the help of recursive relations for the modified Bessel functions and real spherical harmonics. However, no general analytical formula is available for the calculation of the radial part of type II integrals, where the difficulty is due to the appearance of projection operators. In our implementation we followed the suggestion by Skylaris et al [22] who have shown that numerical integration represents a valid and efficient alternative choice for the radial part of type II integrals, particularly when the log 3 quadrature scheme is used [23] . This technique of generating a radial grid of points is suitable for the evaluation of integrals involving Gaussian functions and allows an efficient gradual improvement of the grid to reach the required level of accuracy. As regards the problem of the infinite sums appearing in the evaluation of the ECP contributions in CRYSTAL, they are truncated on the basis of suitable overlap criteria.
The 14 ) were represented by the CRENBL effective core potential [24] , which is constructed from a series of Gaussian-like orbitals. Furthermore, it is assumed that electrons in the outer shells of lead (i.e. 5d, 6s, and 6p orbitals) can provide a reliable and accurate description of the salient features of the band structure of PbF 2 . A Gaussian basis set of (21/21/21) with 2s-, 2p-, and 2d-type shells was used to represent electrons in the outer shells of Pb. The basis set for fluorine, which consists of 4s-and 3p-type shells (i.e. a 7311/311 set), was taken from the LCAO DFT study of the electronic structure of BaF 2 [25] , where additional diffuse and polarization functions of s-and p-type shells were added to the F − ionic basis set. The exponents of the outermost functions in both lead and fluorine basis sets were optimized at the experimental geometry of the cubic PbF 2 by performing total energy calculations. The basis sets and ECPs of lead and fluorine used in this study can be obtained from the authors (pandey@mtu.edu).
It is well known that calculations based on density functional theory underestimate the band gap, while Hartree-Fock calculations generally overestimate the gap. However, it has recently been reported that DFT calculations employing the B3LYP exchange and correlation functional form can yield band gaps which are in very good agreement with the corresponding experimental values [26] . In the present work, we therefore use the B3LYP functional form for DFT calculations on PbF 2 . We set the tolerance on the total energy convergence in the iterative solution of the Kohn-Sham equations to be 10 −6 Hartree and a grid of 300 k-points was used in the irreducible Brillouin zone for integration in the reciprocal space.
Results: structural properties
We begin with cubic PbF 2 for which both experimental and previous theoretical results are available for benchmarking the model elements, e.g. ECPs for Pb used in the LCAO DFT calculations for orthorhombic and hexagonal phases.
The cubic phase has only one free parameter, a, the length of the cell, since all ions are occupying fixed special Wyckoff positions. The calculated potential energy surface for the cubic phase was fitted to the equation of state of Vinet et al [27, 28] 90 for a, B, and B , respectively [11] .
The experimental value of a is reported to be 5.94 Å [29, 30] . The agreement between the experimental and DFT, Hartree-Fock and DFT-aiPI values for a in cubic PbF 2 is therefore excellent. However, there are two sets of experimental values for B. The bulk modulus computed from elastic measurements is reported to be 60.5 GPa [31] , while that computed from the equation of state [32] is found to be 60.6 GPa. On the other hand, White [33] has reported the value of B to be 70.6 GPa. Both the present study and aiPI calculations [11] therefore support a value of about 60 GPa for the bulk modulus of the cubic PbF 2 .
The orthorhombic phase has two independent variables (i.e. b/a and c/a) for a fixed unit cell volume [34] . Its unit cell has six internal parameters (i.e. x Pb , z Pb , x F 1 , z F 1 , x F 2 , z F 2 ) that need to be optimized. Total energy optimization of the orthorhombic phase therefore requires the optimization of six internal variables together with b/a and c/a for each point in the potential energy curve. On the other hand, the high-pressure hexagonal phase can be characterized by two independent variables (i.e. a and c/a) for a fixed unit cell volume [34] .
In this study, we have taken the rather simple approach of taking the optimized structural coordinates from the results of aiPI calculations on the orthorhombic and hexagonal phases [11] , instead of performing extensive structural optimization of these phases of PbF 2 . This approach is justified due to the fact that CRYSTAL and aiPI methods using DFT correlation have previously been shown to predict similar structural properties for a wide variety of materials. The present approach would therefore provide significant savings of computational resources. Furthermore, the focus of the present study is on providing details of the band structure of the orthorhombic and hexagonal phases whose structural properties have been characterized very well in the previous aiPI study. It is to be noted here that the aiPI method cannot provide details of the band structure of a given material.
The 
Results: electronic properties
The valence and conduction band structures of the ambient and high-pressure phases of PbF 2 considered in this study are displayed in figures 1-3. For the cubic phase, the DFT-CRYSTAL band structure is very similar to the previously reported HF-CRYSTAL band structure, except the value of the band gap which is predicted to be 6.3 eV in the present study. The excitonic spectrum [12] of cubic PbF 2 reports the first peak to be about 5.7 eV. Assuming the exciton binding energy to be a few tenths of an electronvolt, the DFT-CRYSTAL value of the band gap obtained using the B3LYP functional form turns out to be in very good agreement with the (extrapolated) measured value of about 5.9 eV. It is to be noted here that DFT calculations using the BPW functional form underestimate the band gap, with a value of 4.2 eV. The B3LYP functional form for DFT calculations does therefore provide a better agreement with the experimental value of the band gap in PbF 2 , as also reported in several other cases [26] . We note that the spin-orbit splittings of the valence and conduction bands are not taken into account in the present study.
The topological nature of the valence band in PbF 2 is found to be significantly different from the one observed in alkaline-earth fluorides, such as BaF 2 . In PbF 2 , the upper valence band has contributions from both fluorine 2p and lead 6s orbitals. This cationic-anionic s/ptype admixture yields the maximum of the valence band as being away from the point in all the phases of PbF 2 considered here. In the cubic phase, the maximum is at X which is about 1.95 eV higher in energy relative to . The L point and X point are almost degenerate in the cubic phase. In the orthorhombic phase, the top of the valence band does not show significant dispersion along the 0 1 2 0 symmetry direction making X a maximum by only 0.014 eV relative to . In the hexagonal phase, the dispersion along 0 1 2 0 becomes more pronounced with the maximum at M 0.76 eV higher than that at .
In contrast to valence bands, conduction bands in PbF 2 show significant variation in their topology in going from cubic to orthorhombic to hexagonal. The minimum of the conduction band is mainly composed of lead 6p orbitals, and is at X in the cubic phase. However, it shifts to in both orthorhombic and hexagonal phases. In the high-symmetry cubic phase, it therefore appears that s-p hybridization between lead and fluorine orbitals pushes Pb(6p) orbitals (in the conduction band) to higher energy at than those in the low-symmetry phases (i.e. orthorhombic and hexagonal) of PbF 2 . The resulting minimum energy gaps are 6.3 eV (X v → X c ), 6.10 eV (X v → c ), and 5.87 eV (M v → c ) in the cubic, orthorhombic, and hexagonal phases, respectively. Table 1 collects values of the energy gap at various symmetry points in the Brillouin zone for the phases considered here. The DFT-CRYSTAL calculations, therefore, predict PbF 2 in the orthorhombic and hexagonal phases to be an indirect gap material, in contrast to the predicted direct gap for cubic PbF 2 .
The total density of states (DOS) for the cubic, orthorhombic, and hexagonal phases is displayed in figure 4 . The calculated DOS agrees well with the HF-CRYSTAL calculations in identifying the peaks in the experimental photoemission spectrum [14] of cubic PbF 2 . Analysis of the projected density of states identifies the peak associated with the top of the valence band as being due to Pb(6s) orbitals but that associated with the bottom of the conduction band as being due to Pb(6p) orbitals. In going from cubic to orthorhombic and hexagonal phases, the nature of the peaks does not change. However, the shape of the peak associated mainly with F(2p) orbitals changes due to the change in the symmetry of the fluorine lattice sites in the orthorhombic and hexagonal phases. In the cubic phase, the calculated width of the upper valence band turns out to be 6.7 eV as compared to the experimental value of about 7.0 eV and the HF value of 9.0 eV. In the orthorhombic and hexagonal phases, the width is about 6.8 and 6.9 eV, respectively. Since Pb(5d) electrons are treated as a part of valence electrons in the present study, the DFT calculations can provide their location with respect to the top of the valence band. As shown in figure 1 , the Pb(5d) band is atomic-like with a negligible dispersion appearing at about 18.8 eV below the top of the valence band. The location of the Pb(5d) band remains nearly the same in going from cubic to orthorhombic to the hexagonal phase.
The F(2s) band in cubic PbF 2 is located about 22.6 eV below the top of the valence band. Since there are two inequivalent fluorine atoms in both the low-symmetry orthorhombic and hexagonal PbF 2 phases, two distinct F(2s) bands with negligible dispersion appear in their band structures.
Mulliken population analysis indicates that the charges associated with Pb and F are +1.50 and −0.75, respectively, in the phases considered here and suggests the presence of a small contribution of covalency in the PbF 2 lattice.
Summary and conclusions
We utilize the new ECP package in the CRYSTAL program to conduct LCAO DFT calculations on PbF 2 . The calculated results provide a very good description of its electronic structure in ambient and high-pressure phases, predicting the cubic phase to be a direct gap material. The high-pressure orthorhombic and hexagonal phases are predicted to be indirect gap materials.
